The estrogen-related receptor a (ERRa) is an orphan nuclear receptor (NR) that plays a role in energy homeostasis and controls mitochondrial oxidative respiration. Increased expression of ERRa in certain ovarian, breast, and colon cancers has a negative prognosis, indicating an important role for ERRa in cancer progression. An interaction between ERRa and peroxisome proliferator-activated receptor g coactivator 1a (PGC-1a) has also recently been shown to regulate an enzyme in the b-oxidation of free fatty acids, thereby suggesting that ERRa plays an important role in obesity and type 2 diabetes. Therefore, it would be prudent to identify compounds that can act as activators of ERRa. In this study, we screened ;10,000 (8311 unique) compounds, known as the Tox21 10K collection, to identify agonists of ERRa. We performed this screen using two stably transfected HEK 293 cell lines, one with the ERRa-reporter alone and the other with both ERRa-reporter and PGC-1a expression vectors. After the primary screening, we identified more than five agonist clusters based on compound structural similarity analysis (e.g., statins). By examining the activities of the confirmed ERRa modulators in other Tox21 NR assays, eliminating those with promiscuous NR activity, and performing follow-up assays (e.g., small interfering RNA knockdown), we identified compounds that might act as endocrine disrupters through effects on ERRa signaling. To our knowledge, this study is the first comprehensive analysis in discovering potential endocrine disrupters that affect the ERRa signaling pathway. (Endocrinology 159: 744-753, 2018) 
T he estrogen-related receptor (ERR), an orphan nuclear receptor (NR), was discovered in 1988 based on the structural similarity at the DNA binding domain of the estrogen receptor a (ERa) (1) . It was classified as one of the NR subfamily members (NR3B1) (2) . Although their name implies a relationship with hormones, this NR does not bind natural estrogens and remains under the orphan classification. ERRa was first identified to bind an extended estrogen response element half-site (5 0 TCAAGGTCA3 0 ; later named the ERRa response element ERRE) of the lactoferrin gene and to modulate ERa function (3) . A recent functional genomic study displayed binding site specificities for ERRa and ERa (4) and, using an unbiased microarray approach, found that most ERRa regulated genes are unrelated to estrogen signals (5) . Nonetheless, depending on the target genes, crosstalk between these two receptors does occur, thus highlighting a complicated relationship between ERRa and ERa activity (6) .
ERRa activity is primarily controlled by its level of expression and interaction with coactivators; in particular, its most common interaction is with the peroxisome proliferator-activated receptor g coactivator 1a (PGC-1a) (7) . Not all ERRa agonists use PGC-1a for coactivation; other coactivators can be recruited as well. However, the PGC-1a/ERRa axis has been implicated in controlling the expression of metabolic gene networks and mitochondrial biogenesis (8, 9) . Furthermore, PGC-1a and ERRa form autoregulatory feed-forward loops to promote the expression of its target genes (10) . Expression of PGC-1a and ERRa is sensitive to physiological and pathological cues, which underscores the critical role these molecules play in energy homeostasis in normal and disease states.
Energy homeostasis is a complex process that needs to be balanced in order for the body to function properly. Because ERRa is highly expressed in metabolically active tissues such as the brain, kidney, heart, and muscle, its defects will have a severe impact on tissue-specific functions. For example, the ERR 2/2 mouse is resistant to obesity that is linked to a high-fat diet (11) , and PGC-1a deficiency causes multisystem metabolic failure that includes abnormal weight control, hepatic steatosis, and defects in muscle function (12, 13) . Increased ERRa gene expression in certain diseases such as breast cancer (14) , prostate cancer (15) , and endometrial cancer (16) carries a poor prognosis for these diseases. Therefore, compounds that modulate the activity of ERRa could play a critical role in disease progression as well as maintenance of homeostasis. Although there is as yet no endogenous ligand identified for ERRa, several synthetic antagonists have been reported (17) (18) (19) . Recently, dietary products such as genistein, apigenin, resveratrol, rutacarpine, piceatanol, daidzein, flavone, and cholesterol have been reported as potential agonists (20) (21) (22) . Quantitative high-throughput screening (qHTS) has recently been used to evaluate the effect of environmental chemicals on many NRs (23) (24) (25) . The Tox21 program, a collaboration among the National Institutes of Health, including the National Center for Advancing Translational Sciences and the National Toxicology Program at the National Institute of Environmental Health Sciences, along with the Environmental Protection Agency and the Food and Drug Administration, has been created to efficiently assess toxicities of environmental chemicals that may affect the human body. Previously, the ERRa and PGC-1a/ERRa assays were developed in a qHTS format and validated by screening the LOPAC library (22) . Here, we identified agonists of ERRa by screening the Tox21 10K collection of environmental chemical and drug samples (;8300 unique compounds) using these two different ERRa cell lines. From our primary and follow-up screening assays, we have compiled a list of unique structural clusters and several singletons that stimulate ERRa signaling as potential endocrine disrupting chemicals.
Materials and Methods
Tox21 chemical library qHTS evaluated ;10,500 compounds (8311 unique chemical substances) gathered from commercial sources by the National Toxicology Program, the National Center for Advancing Translational Sciences Chemical Genomics Center, and the Environmental Protection Agency. Included in this chemical library were a variety of chemical classes (e.g., pesticides, drugs, industrial, and food compounds). These substances were selected on the basis of multiple criteria, including possible and definite environmental hazard or exposure concerns, compounds with properties conducive to highthroughput screening (molecular weight, volatility, solubility, logP), commercial availability, and cost. There were also 88 diverse compounds selected as internal controls to assess reproducibility and determine positional plate effects as previously stated (23) .
Cell culture ERR reporter cells (22) were cultured in high-glucose Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 mg/mL streptomycin. PGC/ERR reporter cells (22) were cultured in the same medium as the ERR reporter cells with an additional 1 mg/mL puromycin as the selection marker for PGC-1a expression. The cells were maintained at 37°C under a humidified atmosphere and 5% CO 2 . All the cell culture reagents were obtained from Invitrogen (Carlsbad, CA).
ERR reporter and PGC/ERR reporter assays
ERR reporter cells or PGC/ERR reporter cells suspended in culture medium without puromycin were dispensed at 2500 cells/5 mL/well in tissue culture-treated 1536-well white assay plates (Greiner Bio-One North America, Monroe, NC) using a Thermo Scientific Multidrop Combi (Thermo Fisher Scientific, Inc., Waltham, MA). Each compound has been tested at 15 concentrations ranging from 1.2 nM to 92 mM in the primary screening. After the cells were incubated at 37°C with 5% CO 2 for 6 hours, 23 nL of compounds or control, genistein, was transferred into the assay plates using a Wako Pintool station (Wako Automation, San Diego, CA). The assay plates were incubated at 37°C for 18 hours, followed by the addition of 5 mL ONE-Glo luciferase reagent (Promega, Madison, WI) using a Flying Reagent Dispenser (Aurora Discovery, Carlsbad, CA). After 30 minutes of incubation at room temperature, the luminescence intensity of the assay plates was quantified using a ViewLux plate reader (PerkinElmer, Shelton, CT).
For the follow-up luciferase assay, ERR reporter cells were suspended and dispensed in the same manner described above. Each compound, from the statin clusters, was tested at 11 concentrations ranging from 0.78 nM to 46 mM. Each of these concentrations was then cotreated with 0 mM, 5 mM, or 10 mM XCT790, an ERRa-specific inverse agonist. The cells were then assayed in the same method mentioned above.
qHTS data analysis
The qHTS data were analyzed as previously described (23) . In short, each titration point was normalized relative to the positive control compound (genistein = 100%) and dimethyl sulfoxide (DMSO)-only wells (0%) according to the following equation: % Activity = [(V compound 2 V DMSO )/(V pos 2 V DMSO )] 3 100, where V compound denotes the compound well values, V pos denotes the median value of the positive control wells, and V DMSO denotes the median values of the DMSO-only wells.
The data set was then corrected using the DMSO-only compound plates at the beginning and end of the compound plate stack by applying an in-house pattern correction algorithm as seen in a study by Wang and Huang (26) . The half maximum effective values (EC 50 ) for each compound and maximum response (efficacy) values were obtained by fitting the concentrationresponse curves of each compound to a four-parameter Hill equation (27) . Concentration-response curves were designated as class 1 to 4 according to the type of concentration-response curve observed (1.1, 1.2, 1.3, 1.4, 2.1, 2.2, 2.3, 2.4, and 3 for activators; 4 for inactive) (27) (28) (29) and then assigned a curve rank combining curve class and efficacy (29) . The activity outcome of a test compound was categorized based on the average curve rank from the triplicate runs and the reproducibility calls. Data reproducibility was categorized as active match, inactive match, inconclusive, and mismatch as previously described (23) . The Tox21 10K library was clustered based on structural similarity (Leadscope fingerprints; Leadscope, Inc., Columbus, OH) using the self-organizing map algorithm (30) . Each cluster was evaluated for its enrichment of active agonists and significance of enrichment as determined by P values from the Fisher exact test.
In vitro small interfering RNA transfection
Small interfering RNAs (siRNAs) for ERRa (s4831) and negative control siRNA were Silencer Select siRNAs purchased from Ambion (Austin, TX). The siRNA transfection experiments were performed using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol. The knockdown effects of the siRNAs were confirmed by using real-time polymerase chain reaction (PCR). For the following experiments, we used siRNA for ERRa (s4831) at a final concentration of 20 nM.
ERR siRNA reporter assay
ERR reporter cells suspended in culture medium without antibiotics were dispensed at 4.0 3 10 4 cells/100 mL/well, following siRNA transfection in tissue culture-treated 96-well white assay plates (Falcon, Durham, NC). After the cells were incubated at 37°C with 5% CO 2 for 24 hours, they were treated with the compounds. The assay plates were incubated at 37°C for 18 hours, followed by the addition of 100 mL/well of ONE-Glo luciferase reagent (Promega). After 5 minutes of incubation at room temperature, the luminescence intensity of the assay plates was quantified using a SpectraMax M3 plate reader (Molecular Devices, Sunnyvale, CA).
RNA extraction and quantitative real-time PCR
ERR reporter cells suspended in culture medium without antibiotics were dispensed at 1.0 3 10 6 cells/1 mL/well, following siRNA transfection in tissue culture-treated 6-well plates. Cells were treated with compounds for 18 hours. Total RNA (1 mg) was extracted from cultured cells using an RNeasy Mini kit (QIAGEN, Germantown, MD) and then used to synthesize complementary DNA (cDNA) with SuperScript IV VILO Master Mix (Invitrogen). Quantitative real-time PCR was performed using CFX Connect Real-Time System (Bio-Rad, Hercules, CA) with PerfeCTa SYBR Green FastMix (Quantabio, Beverly, MA). The primers used in the real-time PCR are as follows: ERRa 5 0 -ATGGTGTGGCATCCTGTGAG-3 (forward) and 5 0 -TGGTGATCTCACACTCGTTGG-3 0 (reverse), b-actin 5 0 -CACCAACTGGGACGACAT-3 0 (forward) and 5 0 -GCACAGCCTGGATAGCAAC-3 0 (reverse), COX8H 5 0 -AGG AGT GCG ACC CGA GAA TC-3 0 (forward) and 5 0 -GGC TAA GAC CCA TCC TGC TGG-3 0 (reverse), and IDH3A 5 0 -AGGACTGATTGGAGGTCTTGG-3 0 (forward) and 5 0 -ATC ACAGCACTAAGCAGGAGG-3 0 (reverse). The target gene messenger RNA (mRNA) level was normalized to b-actin expression.
Statistical analysis
For the luciferase assays cotreated with XCT790 and the siRNA data, statistical comparisons were made by one-way analysis of variance with post hoc Dunnett's analysis. The statistical significance was set at P values of ,0.05 (*), ,0.01 (**), and ,0.001 (***).
Results

qHTS assay performance and reproducibility
We performed a primary qHTS of the Tox21 10K compound library, using HEK293 cells incorporated with the expression of an ERR reporter construct (ERR) or expression of both ERR reporter and PGC1a expression constructs (PGC/ERR), to identify environmental chemicals and drugs as possible ERR agonists. The positive control, genistein, showed consistent activity throughout the screen (Table 1) with an EC 50 of 5.59 mM and 8.42 mM in ERR and PGC/ERR assays, respectively. The assay performance statistics include signal-to-background ratios of .2, coefficients of variance ,10%, and Z 0 factors between 0.5 and 1 for both assays, indicating a good quality for the primary screens.
We next evaluated the reproducibility of three separate runs of the Tox21 10K screen experiments for both cell lines, as well as the Tox21-88 compound array, which was plated in duplicate on every compound plate. Each compound following the primary 10K compound screening fell into one of three categories: active, inactive, or inconclusive. Reproducibility data were then calculated based on the comparison between those categories for each compound. The ERR and PGC/ERR 10K triplicate runs produced mismatch rates of 0.28% and 0.25%, respectively ( Table 2 ). The Tox21-88 duplicates indicated a robust assay performance as well by showing mismatch rates of ,2% ( Table 2) .
Identification of ERR agonists and their clusters
After the primary screen of the ERR reporter cell line, a self-organizing map algorithm was used to group the chemicals into 1014 clusters based on their structural similarities (30) . Each cluster was then color coordinated with the significance of enrichment of ERR activators in the cluster (Fig. 1, left) . Thirty-five clusters were significantly (P , 0.01) enriched with ERR agonists for this assay. Genistein, a well-known ERR agonist, was categorized into cluster 1.13. The P value of this cluster is ,0.001, which indicates that this group of structurally similar flavones contains a large percentage of ERR agonists. Two other clusters, 2.12 and 2.13, also have flavone backbones and had P values of ,0.01, indicating that they also are enriched with ERR agonists. Another group of compounds with an enhanced number of ERR agonists was the statin group. To our knowledge, this is a novel class of ERR agonists; these compounds were only identified in the ERR screen and were not active in the PGC/ERR screen, implying PGC-1a independence. Atorvastatin calcium, cerivastatin sodium, fluvastatin, and lovastatin were all potent agonists, with efficacies .50% and EC 50 values of 1.79 mM, 0.0986 mM, 1.54 mM, and 2.78 mM, respectively (Supplemental Table 1 ). These statins were graphically plotted in a concentration-dependent manner using these primary screening data to demonstrate their range of potency and efficacy values [ Fig. 2(a) ].
Single compounds, separate from the clusters, were also discovered using the primary ERR screen. The top nine compounds that had efficacies .100% of the positive control and potencies ,10 mM are listed in Supplemental Table 2 . The most consistently potent compound in this group was axitinib, which had potencies of ,1 mM in both the primary and follow-up screens. In addition, febuxostat and para-azoxyanisole also had potencies ,1 mM in the primary ERR screen (Supplemental Table 2 ).
Identification of PGC/ERR agonists and their clusters
Compounds were grouped into clusters, as described above, after the PGC/ERR primary screen. For the PGC/ ERR cell line, 33 clusters were enriched statistically significantly with ERR agonists, as shown in Fig. 1 (right) . Many flavones in clusters 1.13, 2.12, and 2.13 were also identified as PGC/ERR agonists. Twenty-four clusters that were in common between the ERR and PGC/ERR assays were categorized as having P values ,0.01. One example is the parabens (cluster 8.15) (Fig. 1) . Interestingly, anthracyclines were identified as a cluster enriched with PGC/ ERR agonists only. Daunorubicin, daunomycin, adriamycin, and pirarubicin all had EC 50 s ,1 mM and efficacies .45% of the positive control (Supplemental Table 1 ). The statins, which were identified in the primary ERR screen as agonists of ERR, showed no activity in the PGC/ERR screen, suggesting that their ERR activation pathway is unique [ Fig. 2(b) ].
Of the single active compounds in the PGC/ERR primary screen, none of the compounds had an efficacy .100% and an EC 50 ,1 mM in the primary screen. However, two compounds had an efficacy .100% and an EC 50 ,10 mM. Forskolin had an EC 50 of 1.73 mM and an efficacy of 277%, whereas suberoylanilide hydroxamic acid (SAHA) had an efficacy of 112% and an EC 50 of 1.96 mM (Supplemental Table 2 ). Remarkably, these two compounds had no agonist activity in the screen with ERRa alone.
Selectivity of clusters and compounds to ERR and PGC/ERR
Focusing on five clusters and the three single actives mentioned above, based on compound potency [ Fig. 3(a) ] and efficacy [ Fig. 3(b) ], a heat map was generated of the agonistic activity for 23 compounds in 15 different follow-up assays (including ERR and PGC/ERR). Each of the 23 compounds had agonist activity in either the ERR or PGC/ERR assays, with the exception of simvastatin, which was not confirmed in the follow-up study (Supplemental Table 1 ). However, the other statins appear to For each assay, the reproducibility was calculated for the 10K library (three copies) and the Tox21-88 compounds (duplicates in each plate) with compounds plated in different well locations.
be the most selective compounds toward ERR agonist activity. This group was identified only using the ERR assay and not the PGC/ERR assay, suggesting ERR agonist activity without employing the coactivator PGC-1a.
Interestingly, only cerivastatin sodium shows any other agonistic activity because it was also shown to activate ERa signaling. This compound was identified as a potent (EC 50 , 1 mM) but weakly efficacious (30% , efficacy , 50%) ERa agonist [ Fig. 3 ]. Atorvastatin, atorvastatin calcium, fluvastatin, and lovastatin were all identified as potent (1 mM , EC 50 , 10 mM) and weak to moderate (30% , efficacy , 75%) ERR agonists. Pirarubicin (cluster 1.10-anthracycline) had activity only in the glucocorticoid receptor agonist assay in addition to the PGC/ERR assay [ Fig. 3 ]. Its efficacy ranged between 30% and 50% in the glucocorticoid receptor assay, which identifies pirarubicin as a somewhat selective ERR agonist that requires PGC-1a for activation. Forskolin (single active) was found to be an ERR pathway activator in the PGC/ERR assay. It has some agonistic activity (30% , efficacy , 50%) in the ERa, PPARd, and retinoid X receptor pathways [ Fig. 3 ]. However, forksolin's strongest (efficacy . 100%) and most potent (EC 50 , 1 mM) activity was in the PGC/ERR assay, suggesting this compound preferentially targets and is most effective against PGC/ERR signaling. SAHA is the only single active compound that shows complete selectivity for the PGC/ERR assay. It is a potent agonist (EC 50 , 10 mM) and very efficacious (efficacy . 100%). None of the other identified active compounds appears to show selectivity toward ERR activity.
Decrease in statin-induced luciferase activity employing inhibition or knockdown of ERR To confirm ERR activation from the statin cluster, XCT790, a known inverse agonist of ERR, was coadministered with each of the statins in a dose-dependent manner using the ERR cell line [ Fig. 4(a) ]. All six of the statins tested in combination with 10 mM XCT790 showed a statistically significant decrease in activity. To further confirm ERR activity in the cells, two statinscerivastatin sodium and fluvastatin-were examined by measuring luciferase activity in the ERR cell line transfected with control or ERR siRNA [ Fig. 4(b) and 4(c) ]. Both compounds showed a decreased activation of the reporter in the presence of the ERR siRNA but were unaffected by control siRNA.
Effect of cerivastatin sodium and fluvastatin on ERR, COX8, and IDH3 mRNA expression
To further define the activity of cerivastatin sodium and fluvastatin, RNA was extracted after transfection with either control or ERR siRNA, and quantitative reverse transcription PCR was performed to quantify the levels of ERR mRNA in the cells [ Fig. 5(a) ]. In the cells treated with cerivastatin sodium or fluvastatin, the ERR mRNA levels in the ERR siRNA transfected cells were decreased, compared with the ERR mRNA expression in the control siRNA transfected cells. The expression of two of the ERR downstream target genes in the mitochondria, COX8 and IDH3, was also determined between the control and ERR siRNA transfected cells [ Fig. 5(b) and 5(c) ]. ERR siRNA treatment reduced both cerivastatin sodium-and fluvastatin-induced expression of COX8 and IDH3, providing additional evidence that these compounds are true ERR agonists.
Discussion
ERRa signaling plays a critical role in regulating cellular bioenergetics and metabolism. ERRa regulates the transcriptional activity of metabolic genes in skeletal muscle, liver, heart, and kidney that require high energy utilization. Therapeutic and environmental chemical interference with the ERRa pathway could have adverse health effects, contributing to diseases such as type 2 diabetes, metabolic syndrome, and insulin resistance (6, 9, 31) . Because metabolic dysfunction accompanies cancer development and progression, ERRa's role has been explored in many types of cancer such as breast, prostate, ovarian, and colon (32) . Increased ERRa expression in different cancer types indicates a poor prognosis (16, (32) (33) (34) ; therefore, identifying ERRa agonists could help in understanding exposures that might increase the risk for metabolic diseases and cancer in an otherwise healthy individual, as well as elucidate potential impacts of these diseases. Recently, eating disorder predisposition was linked to a mutation in the ERRa gene (35) . This observation is consistent with results from studies using ERRa null mice (36) , in which disruption of the ventral-striatal synaptic function associated with reward and motivation circuitry was observed in female mice. Our current study suggests certain compounds use a chemical interference of the ERRa pathway, which could alter homeostatic and bioenergetic processes throughout the body for long-term consequences in the development of disease. Identification of ERRa agonists can provide valuable tools to probe ERRa axis responses relevant for therapeutic development and protection of public health.
PGC-1a and ERRa form an endogenous feed-forward circuit to regulate cellular and mitochondrial metabolism (13, 20, 28) . Compounds affecting either the coactivator or the receptor could modulate signaling activity. Indeed, the current study has identified compounds in the Tox21 10K library that influence this signaling axis in both ERR and PGC/ERR cell lines, as well as compounds that affect only one or the other. For example, the statins clearly enhanced the reporter activity of the ERR cell line without displaying any activity in the PGC/ERR cell line, suggesting the target for this compound might be the receptor. Similarly, forskolin and SAHA stimulated the reporter activity robustly in the PGC/ERR cell line only, suggesting the coactivator is the target in this scenario. This study was also validated by identifying previously known ERR agonists, such as flavones (37) (38) (39) .
It has been reported that the expression of PGC-1a in liver and brown adipose tissue is cyclic adenosine monophosphate (cAMP) dependent (40) . Forskolin, a natural activator of adenyl cyclase, can increase intracellular levels of cAMP via the cAMP/PKA pathway. Therefore, forskolin could directly or indirectly influence the activity of the reporter in the PGC/ERR cell line, whereas SAHA, a member of the histone deacetylase inhibitors (41, 42) , could enhance cAMP-induced activation (43) . It is likely that these two compounds stimulate PGC-1a expression and activity in the PGC/ ERR cell line. The current study has also found that an entire cluster of compounds (the statins) could be ERR agonists only in the ERR screen and not the PGC/ERR screen. This finding suggests these compounds may influence the expression or activity of the ERR receptor itself. Alternatively, they may also affect a different coactivator than PGC-1a. However, both the receptor and coactivator could be subject to posttranslational modifications, such as phosphorylation (44, 45) , and compounds that stimulate or repress such activity will modify the PGC and ERR signal axis. Currently, many studies have focused on the potential mechanism of the PGC/ERR action (46) (47) (48) . There is still much to learn about the mechanistic linkages between the compounds and the PGC and ERR signaling axis.
In this study, multiple potential novel ERR agonists were identified. The histone deacetylase inhibitor, SAHA, was the first of its kind to have been used in the treatment of cutaneous T-cell lymphoma (49, 50) . Due to its nature, SAHA promotes an accumulation of acetylated histones Cells were then treated with DMSO (0.2%), cerivastatin sodium (569 nM), or fluvastatin (15 mM). Each bar represents the mean 6 standard deviation (n = 3). *P , 0.05, **P , 0.01, ***P , 0.001. ns, not significant. that in turn relaxes the chromatin structure, facilitating transcription. Therefore, normally this compound is used in combination therapy to enhance the efficacy of chemotherapeutic compounds that target DNA (42, 51) . Because SAHA was only active in the PGC/ERR assay, it appears this agonistic effect is dependent on PGC-1a and possibly induces the transcription of this coactivator, allowing for an increase in ERRa activation. Interestingly, SAHA also displays selectivity toward ERR (in the PGC/ERR assay), as it did not activate any other NR assay we studied. Further studies are needed to better characterize the activity of SAHA and understand its interaction with the ERRa pathway.
One group of compounds was selective toward ERR compared with other NRs (Fig. 3) , and those were the statins, with the exception of cerivastatin sodium and simvastatin. Atorvastatin, atorvastatin calcium, fluvastatin, and lovastatin were all active in the ERR assay only. Interestingly, a recent study identified lovastatin as an ERR deactivator when ERR and PGC-1a were transfected into CV-1 cells (21) . However, this does not conflict with our data because they transfected the coactivator along with ERR. Our data resulted in nonactivation in the PGC/ERR cell line. Lovastatin, a cholesterol synthesis inhibitor, was active in the ERR reporter assay alone, implying it modulates activation through the receptor and not the coactivator. All six of the statin-induced luciferase activities were reduced when the known ERR inverse agonist, XCT790, was cotreated, further supporting the notion that they have true ERR agonist activity. Also, cerivastatin sodium and fluvastatin were confirmed as ERR agonists through multiple ERR knockdown studies, including an ERR-luciferase assay as well as mRNA quantification via quantitative reverse transcription PCR analysis. Our findings support that additional molecular binding studies would be helpful in fully defining the effects of these statins on ERRa signaling.
In conclusion, we identified ERRa agonists using ERR and PGC/ERR reporter cell lines in this study. The ERR reporter assay had an 82% confirmation rate between the primary and follow-up assay, whereas the PGC/ERR assay had an 85% confirmation rate. It was beneficial to screen two assays to identify ERR modulators, due to the possible dependence of ERR on different coactivators. The statin cluster was identified as a potential novel ERR agonist group. We cannot yet conclude definitively that ERR agonism will lead to measurable toxicity in humans. However, given the importance of this signaling pathway in maintaining metabolic homeostasis and the association of aberrant ERR signaling with enhanced aggressiveness of specific cancers, additional studies on the impact of ERR signaling disruption on human health are warranted. This study represents the first step in discovering potential ERR agonists within a large group of environmental compounds and pharmaceuticals.
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